Abstract. The origin of high-density (2.10 -2.20 g/cm 3 ) graphite grains from the Murchison meteorite is discussed. Distributions of the 12 C/ 13 C ratios of grains from the fractions KFB1 (2.10 -2.15 g/cm 3 ) and KFC1 (2.15 -2.20 g/cm 3 ) are quite similar, having a pronounced peak around 400 -630. From comparison with model calculations of asymptotic giant branch (AGB) stars we conclude that the grains in the peak most likely formed in low-mass (1.5, 2 and 3M 8 ) lowmetallicity (Z = 3 × 10 -3 for 1.5, 2 and 3M 8 , Z = 6 × 10 -3 for 3M 8 only) stars. s-Process Kr in KFC1 is best explained with 5M 8 stars of solar and/or half-solar metallicities.
INTRODUCTION
Presolar grains are stardust found in primitive meteorites. These grains, which survived events during solar system formation and processes in meteorite parent bodies, retain information of their birthplace. The effort to decipher this information has established a new field of astronomy, laboratory analysis of presolar grains [1] [2] [3] . Mineral types of presolar grains identified to date include diamond [4] , SiC [5, 6] , graphite [7] , refractory carbides [8] , oxides [9] [10] [11] and silicates [12] [13] [14] [15] . The abundances of these grains are only a few hundred ppm or less in bulk meteorites.
Graphite is one of the mineral types that carry isotopically anomalous noble gases [7] . Graphite grains extracted from the Murchison and Orgueil meteorites show a range of densities [16, 17] . From the Murchison meteorite, four graphite-rich fractions have been extracted: KE3 (1.65 -1.72 g/cm 3 ), KFA1 (2.05 -2.10 g/cm 3 ), KFB1 (2.10 -2.15 g/cm 3 ) and KFC1 (2.15 -2.20 g/cm 3 ) [16] . One of the most interesting and intriguing characteristics of graphite grains is that isotopic and elemental abundances depend on density. Figure 1 shows C isotopic distributions of these fractions. All the fractions have a peak at the bin with 12 C/ 13 C ratios between 79 and 100. Since many grains in this bin have solar 12 C/ 13 C ratio (89), we interpret this to be due to the presence of solar system grains in addition to presolar grains. KE3 and KFA1 have a broad distribution. Many KE3 and KFA1 grains show 18 O excesses, 15 N excesses, high 26 Al/ 27 Al ratios, Si isotopic anomalies [18, 19] . These are the signatures of core-collapse supernovae, where different nucleosynthetic processes take place in different zones before the explosion [19] . Oxygen-18 excesses in many grains reflect alpha-capture on 14 44 Ti in a few grains is a definite proof of a supernova origin because 44 Ti is produced only during explosive nucleosynthesis [19, 20] . KFB1 and KFC1 have two distinct peaks in their C isotopic distributions, one with the peak around 10, the other with the peak around 400 -630 (500 -630 for KFB1 and 400 -500 for KFC1) (Fig. 1) . The high 12 C/ 13 C ratios in the latter are consistent with a low-metallicity AGB star origin of the grains. Bulk noble gas analysis indicates that KFC1 grains originated in low-metallicity AGB stars (Z ≤ 0.002) [22] . TEM studies of slices of KFC1 grains found subgrains that are highly enriched in s-process elements, confirming that KFC1 grains formed in low-metallicity AGB stars [23, 24] .
Noble gas analyses of single KFB1 and KFC1 grains also provided evidence that some of the grains originated from low-metallicity AGB stars [25, 26] .
In this study, we will compare the C isotopic data of single graphite grains and Kr data of bulk (=aggregate) samples from KFC1 as well as KFB1 with improved model calculations of AGB stars to further constrain the origin of these grains. We will focus on the grains belonging to the peak at higher than solar 12 C/ 13 C ratios. The origin of grains with low 12 C/ 13 C ratios (≤ 20) remains controversial and an AGB star origin can be excluded because of their low 12 C/ 13 C ratios. Table 1 summarizes the ranges of 12 C/ 13 C and the C/O of the C-rich envelope following the last thermal pulse obtained from AGB models for stars with various masses and metallicities. It is not likely that a single type of stars, with a specific mass and metallicity, formed the KFC1 grains. More likely is that stars with a range of mass and metallicity produced these grains. Since the peak at the C isotopic distribution is around 400 -500 ( Fig. 1) , the 12 C/ 13 C ratios of the envelope should have reached ~ 500 or more at the end of the third dredge-up episode. The masses and metallicities of the stars that satisfy this condition are 1.5 M 8 Z = 3 × 10 -3 , 2 M 8 Z = 3 × 10 -3 , 3 M 8 Z = 3 × 10 -3 and 3 M 8 Z = 6 × 10 -3 (shown in italics in Table 1 ). They are low-mass (1.5 -3 M 8 ) low-metallicity (Z ≤ 6 × 10 -3 ) stars. Particularly the 3 M 8 Z = 3 × 10 -3 case can explain grains with high 12 C/ 13 C ratios (> 1000) observed in KFC1. Here we will examine s-process Kr inferred from the graphite data and compare it with the pure s-process Kr produced in the He-shell, rather than examine the graphite data themselves and compare them with the Kr isotopic ratios in the envelope. The reason for this is that the Kr analysis was carried out on bulk samples, thus the released Kr originated not entirely from presolar graphite but also from solar system grains in the density fractions. Amari et al. [22] [28] is shown as the shadowed box. The data for s-process Kr are from [29] . Figure 2 shows model 86 Kr/ 82 Kr ratios in the He-shell and 12 C/ 13 C ratios of the Crich envelope for a series of thermal pulses. We only plot the cases where s-process 86 Kr/ 82 Kr ratios equal or exceed 4 at the last thermal pulse. In the M = 1.5 M 8 Z = 3 × 10 -3 and M = 2 M 8 Z = 3 × 10 -3 cases, the 86 Kr/ 82 Kr ratios are always higher than 5. For the M = 3M 8 Z = 6 × 10 -3 case, the ratios are in the range of KFC1 Kr during a few pulses but they quickly increase to higher values for higher pulse numbers. For the M = 3 M 8 Z = 3 × 10 -3 case, the ratio starts from above 10 and quickly goes down to 2, reaches at ~ 4 at the 19 th pulse then gradually increases to 5.1. For M = 5M 8 , 86 Kr/ 82 Kr ratios for the two low-metallicity cases (Z ≤ 6 × 10 -3 ) are too high to account for the Kr in KFC1. Those of the two higher metallicity cases, Z = 1 × 10 -2 and Z = 2 × 10 -2 , match the s-process 86 Kr/ 82 Kr in KFC1. However, these two cases cannot explain the whole C isotopic range of the peak of interest in KFC1 (see Table 1 ).
CARBON ISOTOPIC RATIOS

STELLAR SOURCES OF KFC1 AND KFB1 GRAINS
From the C isotopic ratios and the s-process Kr in KFC1 grains, we have identified AGB stars with somewhat different ranges of masses and metallicities as stellar sources of KFC1 grains. From the former, low-mass (1.5, 2 and 3M 8 ) and lowmetallicity [Z = 3 × 10 -3 and Z = 6 × 10 -3 (for 3M 8 only)] stars are likely sources. From the latter, slightly higher mass stars with a range of metallicity (3M 8 Z = 3 × 10 -3 , 5M 8 Z = 1 × 10 -2 , 5M 8 Z = 2 × 10 -2 ) are identified as sources. The only case that satisfies both the C and the Kr isotopic ratios is the M=3 8 Z = 3 × 10 -3 case and it is tempting to consider such stars as the stellar sources of the KFC1 grains.
However, we have to take KFB1 grains into account. These grains have a similar C isotopic distribution (Fig. 1) but a completely different s-process Kr with a much lower 86 Kr/ 82 Kr ratio (Kr-SL) [22] . If the M = 3M 8 Z = 3 × 10 -3 case produced Kr-SH found in KFC1, it is hard to explain why KFB1, which has a similar C isotopic distribution, lacks Kr-SH. Therefore, we have to conclude that stars with M = 3M 8 Z = 3 × 10 -3 are not a source of the Kr-SH. It might be because graphite grains had been already carried away far from the star when a substantial amount of Kr was dredgedup into the envelope. A closer inspection shows that there are more grains with 12 C/ 13 C ratios around ~ 100 in KFC1 than in KFB1 (see Fig. 1 ). In the M = 5M 8 cases (Z = 1 × 10 -2 and 2 × 10 -2 ), C isotopic ratios ranges in the C-rich envelope are expected to range from 89 to 169 and from 80 to 108, respectively. Therefore, if these stars are sources of Kr-SH, the C and the Kr isotopic ratios of both KFC1 and KFB1 can be explained.
CONCLUSIONS
Presolar graphite grains show a range of density and their isotopic features depend on density. In Murchison graphite grains, a significant portion of low-density grains, those from the fractions KE3 and KFA1, most likely formed in core-collapse supernovae. The carbon isotopic distribution of KFC1 shows two peaks, one at lower 12 C/ 13 C ratios than the solar ratio and the other around 400 -500. The high ratios are indicative of an origin in low-mass (1.5 -3 M 8 ) low-metallicity (Z ≤ 6 × 10 -3 ) AGB stars. KFC1 contains an s-process Kr component that is characterized by a high 86 Kr/ 82 Kr ratio (4.43 ± 0.46) (Kr-SH). When KFB1, which has a C isotopic distribution similar to that of KFC1 but has a completely different s-process Kr, is taken into account, 5M 8 stars of Z = 1 × 10 -2 and 2 × 10 -2 are likely sources of the Kr in KFC1.
